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There is growing evidence that repeated exposure to stress early in life results in profound changes in the brain, some of which appear to be long lasting and possibly permanent. In humans, early stress in the form of childhood abuse and neglect has been associated with increases in stress-reactivity and vulnerability to several psychiatric disorders and substance abuse later in adult life (Petitto et al. 1992; Servant and Parquet 1994; Arellano 1996; Duncan et al. 1996; Young et al. 1997; Heim et al. 1997; Bernet and Stein 1999; Widom 1999; Heim et al. 2000) . It has been hypothesized that a stress-responsive neural network, permanently altered as a result of early stress, is a key component in the development of psychopathology later in adulthood (Heim et al. 1997 (Heim et al. , 2000 .
Enduring increases in behavioral and neuroendocrine responsiveness to stress as a result of early trauma have been successfully modeled in the rat by the procedure of maternal separation, where neonatal rats are removed from the mother for several hours daily during the first two weeks of life (Plotsky and Meaney 1993; Wigger and Neumann 1999; Caldji et al. 2000; Huot et al. 2001; Kalinichev et al. 2001a Kalinichev et al. ,b, 2002 . When tested as adults, maternally separated (MS) animals exhibit a wide array of behavioral and neuroendocrine changes similar to those observed in patients with depression and anxiety disorders (Amsterdam et al. 1987; Heit et al. 1997; Ladd et al. 2000) . For example, MS males and MS females are less likely to explore open arms of the plus-maze and they spend less time on these arms compared with non-handled (NH) animals (Wigger and Neumann 1999; Huot et al. 2001; Kalinichev et al. 2002) . MS males also exhibit exaggerated auditory startle responses (Kalinichev et al. 2002) and when food deprived, are less likely to approach food in a novel arena . In MS males there is an increase in basal CRF levels (Plotsky and Meaney 1993) as well as in stress-induced levels of corticosterone, ACTH and CRF (Liu et al. 2000; Huot et al. 2001; Kalinichev et al. 2002) , indicative of hypersensitivity of the HPA axis to stress.
There is evidence that the procedure of maternal separation in the rat also can be used to model the increase in vulnerability to substance abuse that has been described in many patients who had experienced significant physical or emotional traumas in childhood (Ireland and Widom 1994; Triffleman et al. 1995; Medrano et al. 1999) . Research from our and other laboratories indicates that maternal separation during the neonatal period results in robust and enduring changes in sensitivity to alcohol and other abused drugs, including opioids (Zimmerberg and Shartrand 1992; Matthews et al. 1996 Matthews et al. , 1999 Kehoe et al. 1998a; Campbell and Spear 1999; Kosten et al. 2000; Huot et al. 2001; Kalinichev et al. 2001a,b) .
Opioid receptors and their endogenous ligands are detectable in the rat brain as early as mid gestation and are likely to serve a neurotrophic function during this period (Hauser and Stiene-Martin 1993) . The first few weeks of neonatal life are marked with a significant developmental reorganization in the opioid systems. For example, the distributions and contents of ␤ -endorphin and enkephalin alter or fluctuate in several brain regions (Bayon et al. 1979; Tsang et al. 1982) . Also, during the first few weeks of life, the numbers of -andbinding sites increase substantially, before declining to adult levels afterwards (Spain et al. 1985; Petrillo et al. 1987 ). Furthermore, the major increase in ␦ receptor expression occurs after the first postnatal week (Spain et al. 1985; Petrillo et al. 1987) . The robust expression/fluctuations in these systems during the neonatal period are likely to be linked to the changes in essential behavioral functions that opioids regulate during this period, such as suckling, social bonding and separation distress (Barr 1993) . Perhaps the opioid systems in neonates are particularly vulnerable for environmental perturbations that alter or interfere with these behaviors.
In this study, we continued to investigate the possible link between neonatal maternal separation and enduring changes in opioid systems. We assessed the morphine-induced neuroadaptive phenomena of behavioral sensitization and tolerance to effects of morphine on locomotor activity in adult Long-Evans male rats that had experienced either prolonged, brief or no separations from the mother during the neonatal period. In the rat, repeated intermittent injection of morphine results in a decrease in the locomotor-suppressant action of the drug, referred to as tolerance, and in an enhancement of the locomotor-stimulant action, referred to as behavioral sensitization (Babbini and Davis 1972; Brady and Holtzman 1981; Bartoletti et al. 1983; Kalivas and Stewart 1991; Stewart and Badiani 1993; Rauhala et al. 1995; Powell and Holtzman 2001) . Morphine-induced tolerance and sensitization are mediated by -and ␦ -opioid receptors and appear to be long-lasting (Babbini et al. 1975; Spanagel et al. 1993; Powell and Holtzman 2001) . It has been suggested that the complex neuroadaptations that are reflected in behavioral sensitization play an important role in the development of drug-seeking, drug-taking, and relapse behaviors that characterize addiction (Wise and Bozarth 1987; Robinson and Berridge 1993; Berridge and Robinson 1995) . Therefore, studying behavioral sensitization in animals that experienced maternal separation might provide a better understanding of the environmental factors that can alter an organism's vulnerability to drug abuse.
METHODS

Subjects
The subjects were male Long-Evans hooded rats (BlueSpruce, Harlan Sprague Dawley Inc., Indianapolis, IN) approximately 120 days of age at the time of testing. A total of 47 subjects were used in this study. All the subjects were the offspring of dams that were shipped to our facility on the 12 th day of pregnancy. The pups were born and raised in our colony. Food and water were always available ad libitum. The colony room was maintained on a 12:12 light-dark cycle with lights on at 7 A . M . This study was performed in full accordance with the 1996 Guide for the Care and Use of Laboratory Animals (National Academy of Sciences) and the research protocol was approved by the Institutional Animal Care and Use Committee of Emory University.
Maternal Separation Procedure
We used a well documented procedure for neonatal maternal separation (Figure 1 ) that results in robust group differences in behavioral and neuroendocrine indices of stress-reactivity (Plotsky and Meaney 1993; Wigger and Neumann 1999; Caldji et al. 2000; Liu et al. 2000; Huot et al. 2001; Kalinichev et al. 2002) as well as in sensitivity to acute and chronic morphine (Kalinichev et al. 2001a,b) when animals are tested as adults.
Pups that composed 30 original litters were taken from their dams, and then randomly redistributed among foster dams on postnatal day (PND) 2 (date of birth ϭ PND 1) as all-male (8 pups) litters (7 litters/separation group; Plotsky and Meaney 1993) . In the maternal separation procedure the entire litter was removed from the foster dam, who remained in the home cage, and placed into a bedding-lined plastic container in an incubator (Veterinary water-lined warmer, ThermoCare Inc., Incline Village, NE) maintained at 31 Њ C. Maternally separated litters (MS) were kept in the incubator for 3 h and then returned to their foster dam. This occurred daily between 9 A . M . and noon on PND 2-14 ( Figure 1 ). Handled (H) group animals experienced a similar procedure; however, the pups remained away from their foster dam for only 15 min. Non-handled (NH) group animals were returned to the foster dam immediately after group assignment (PND 2) and left undisturbed until weaning. After all pups were weaned on PND 22 they were housed in same-treatment group cages. No more than two animals raised by the same foster dam were used in each experimental group.
Locomotor Apparatus
Eight Omnitech Digiscan Activity Monitors (Omnitech Electronics Inc. Columbus, OH), equipped with the VersaMax software (Version 1.30, Omnitech Electronics Inc.) were used to measure locomotor activity. Each animal was tested in an acrylic box (40 ϫ 40 cm) surrounded by a framework of photobeams inside a ventilated, soundattenuating cubicle, that was illuminated by fluorescent light. The photobeams were mounted in a 16 ϫ 16 beam array around the bottom of the box and 2.5 cm from the floor. Sixteen additional photobeams were installed 10.5 cm above the bottom photobeams on the left and right sides of the box in order to measure vertical locomotor activity (i.e., rearing behavior). Locomotor movements were determined by breaks in photobeams and were converted into locomotor activity counts with the aid of the software VersaDat (Version 1.3; Omnitech Electronics Inc.) that was interfaced with a microcomputer.
Automated calculation of several measures of motor activity was provided by this system. Out of these we analyzed two key, mutually exclusive, behaviors: horizontal activity counts (ambulation) and vertical activity counts (rearing). Ambulation and rearing have been used widely as reliable and valuable measures of locomotor activity in the rat (Ivinskis 1970; Walsh and Cummins 1976) . It is believed that these behaviors reflect a stable individual trait (i.e., "nonspecific excitability level") that correlates with hippocampal slow wave activity in the rat (Walsh and Cummins 1976) . In addition, time spent in the center of locomotor arenas (i.e., away from the walls) was analyzed as an index of emotionality in the rat (Valle 1970; Harro 1993; Kalinichev et al. 2000) .
Locomotor Tolerance/Sensitization (Induction Phase)
The baseline locomotor activity was measured for 2 h daily on two consecutive baseline days (B1 and B2). Twenty-four to 48 h after the second baseline session Figure 1 . The time-line of the maternal separation and morphine-induced sensitization/tolerance procedures. Neonatal manipulations were performed on postnatal days (P) 2-14 (see the text). As adults (90ϩ days old), animals were tested for baseline activity on two consecutive days (B1, B2). During the induction phase (D1-10) they were injected with either 10 mg/kg of morphine or saline on D1-D7 and D10. During the expression phase (D15-21) all rats were given saline, 1.0, 3.0, and 10 mg/kg morphine on D15, D17, D19, and D21, respectively, and activity was tested after each injection.
(injection day 1) animals were placed in the locomotor boxes for 2-h sessions immediately after receiving an injection of either 10 mg/kg of morphine (Morphine group) or saline (Saline group). Three NH animals died after receiving the first injection of 10 mg/kg of morphine. Injections continued daily for seven days ( Figure  1 ). On days 3, 5, and 7, animals were injected just before being placed in the locomotor boxes for a 2-hour session. On days 2, 4, and 6, animals received the appropriate injection in the home cage. On day 10, after a 2-day break from injections and testing, the group-appropriate injections were given just before a 2-h test session.
Locomotor Tolerance/Sensitization (Expression Phase)
A morphine-dose response curve (Sal, 1.0, 3.0, 10 mg/kg) was determined in all animals across days 15, 17, 19 and 21 ( Figure 1 ). The animals received no injections or tests on days 11-14, 16, 18, and 20.
Drug
Morphine sulfate (Penick, Newark, NJ) was dissolved in saline and administered SC in a volume of 1.0 ml/kg body weight. All doses are expressed as the free base.
Data Analysis
A repeated measures or factorial analysis of variance (ANOVAs) was used to determine if there was a significant main effect. Dunnett's (for comparisons with a single mean) and Fisher's protected least significant difference post hoc tests were used for multiple comparisons. The ␣ level chosen was p р .05.
RESULTS
Locomotor Activity in a Novel Environment
Horizontal Activity. During the 2-h session of baseline activity on day 1 of testing, there was a significant decline of horizontal activity over time (F 7,308 ϭ 336.81, p Ͻ .0001; Figure 2 , panel a). There was a significant main effect of neonatal experience (F 2,308 ϭ 7.01, p Ͻ .01; Figure 2 , panel b), but no significant Time X Experience interaction. The total number of horizontal counts over 2 h by MS and H groups was significantly higher (F 2,44 ϭ 6.80, p Ͻ .01) compared with NH animals (Figure 2 , panel b).
Vertical Activity. On baseline day 1 vertical activity declined significantly over 2 h of testing (F 7,308 ϭ 113.74, p Ͻ .0001; Figure 2 , panel c). There was a significant main effect of neonatal experience (F 2,308 ϭ 7.70, p ϭ .001), and a significant Time X Experience interaction (F 2,308 ϭ 8.21, p Ͻ .0001). The total number of vertical activity counts over the 2 h period was significantly higher in MS animals (F 2,44 ϭ 5.96, p Ͻ .01) compared with NH controls (Figure 2 , panel d).
Time in the Center of the Testing Arena. During the 2-h session of baseline activity on day 1 the center time declined significantly over time (F 7,308 ϭ 17.53, p Ͻ .0001; Figure 2 , panel e). There was a significant main effect of neonatal experience (F 2,308 ϭ 5.53, p Ͻ .001), and a significant Time X Experience interaction (F 2,308 ϭ 1.82, p Ͻ .05). The total time spent in the center by H animals was significantly higher compared with MS and NH animals (F 2,44 ϭ 5.82, p Ͻ .01; Figure 2 , panel f).
Induction Phase of Locomotor Tolerance/Sensitization
Horizontal Activity. Activity counts declined over two days (B1, B2) of baseline activity ( Figure 3 , panels a-c). On day 1 of treatment, activity of animals receiving saline declined even further. Daily injections of 10 mg/kg of morphine during the induction phase of sensitization produced a pattern of changes in horizontal activity that was largely similar for MS and H rats, but different for NH rats. In particular, in MS and H animals, but not in NH controls, initial injections of 10 mg/kg of morphine suppressed horizontal activity in comparison with saline-treated animals ( Figure 3 , panels a-c). Continued injections of morphine resulted in a progressive increases in horizontal counts by MS and H animals, but not by NH controls (Figure 3 , panels a-c): by day 5 (H) or day 10 (MS) horizontal counts exceeded significantly those on day 1 (Figure 3 , panels a-c).
For morphine-exposed animals, there was a significant main effect of days (F 2,72 ϭ 10.14; p Ͻ .0001) and a significant Days X Neonatal experience interaction (F 8,72 ϭ 2.66; p Ͻ .05). For saline treated animals, there was a significant Days X Neonatal experience interaction (F 8,84 ϭ 8.82; p Ͻ .0001). Planned comparisons revealed that on day 10 of treatment the horizontal activity of morphineexposed MS and H animals was 140-170% higher than that of the corresponding saline-treated groups (t Ͼ 1.99; df ϭ 1;14, p Ͻ .05; Figure 3 , panels a, b). In sharp contrast, morphine-exposed NH animals tended to be less active than their saline-exposed counterparts (Figure 3, panel c) .
The time-course comparisons of the groups on treatment days 1 and 10 are presented on Figure 3 , panels d-g. On day 1 of treatment morphine-exposed animals were less active than saline-exposed controls throughout the 2-h session, even though the differences were small (Figure 3, panels d, e) . By day 10, the activity of morphine-exposed MS and H animals increased substantially, exceeding levels of saline-treated controls throughout the 2-h session, but in particular during the first 15 min of testing. In animals receiving saline treatment, initial increase in activity was particularly robust in the NH group, while declining to low and similar levels thereafter (Figure 3, panels f, g ).
Vertical Activity. Activity counts declined over two days of baseline testing in all groups (Figure 4 , panels a-c). On day 1 of treatment, activity of animals receiving saline declined even further. Daily injections of 10 mg/kg of morphine reduced the vertical activity of MS and H groups relative to their saline-treated controls (Figure 4 , panels a-c). The vertical activity of MS and H recovered after day 5 and was no longer different from that of corresponding saline-treated animals by day 7 (Figure 4, panels a, b) . The pattern of activity changes among NH animals differed from that of the other animals. Vertical activity, which was uniformly low on day 1, increased progressively in the group that received saline but remained depressed in the one that received morphine (Figure 4, panel c) . Across the morphineexposed groups there was a significant main effect of days (F 4,72 ϭ 5.28; p Ͻ .001), whereas across salineexposed groups there was a significant Days ϫ Neonatal treatment interaction (F 8,84 ϭ 5.24; p Ͻ .0001).
The time-course analysis on day 1 of treatment revealed that vertical activity of morphine-exposed MS and H animals was suppressed compared with their saline-treated controls overall throughout the 2-h period (Figure 4 , panels d, e). Vertical activity of NH animals was uniformly low regardless of whether they were treated with morphine or saline (Figure 4 , panels d, e). By day 10, activity of morphine-treated MS and H animals approached the levels of their saline-treated controls, especially during the first 15 min (Figure 4 , panel f). As in the case of horizontal activity, initial increase in vertical counts of saline-treated animals was dramatically more robust in NH than in MS or H groups (Figure 4, panel g ).
Center Time. There was no significant change in the center time over two baseline days and when one group began receiving saline injections ( Figure 5, panels a, c) . In MS and H groups, repeated injections of morphine, but not saline, increased time spent in the center of the chamber, beginning on day 3 and, for the most part, persisting throughout the 10 days of treatment ( Figure  5, panels a, b) . In the NH groups, in contrast, time spent in the center did not change throughout the 10 days of treatment (Figure 4, panel c) . Across the morphineexposed groups there was a significant main effect of days (F 4,72 ϭ 3.96; p Ͻ .01) and Days ϫ Neonatal experience interaction approached significance (F 8,72 ϭ 1.97; p ϭ .06). There were no significant main effects or significant interactions across the saline-exposed groups.
Expression Phase of Locomotor Tolerance/Sensitization
Horizontal Activity. In the expression phase, in response to a saline injection, MS was the only group in which animals with the history of morphine exposure had significantly higher (260%; t ϭ 5.79; df ϭ 1;14, p Ͻ .0001) horizontal counts compared with corresponding saline-history animals ( Figure 6, panel a) . In general, the two lower doses of morphine increased horizontal activity more in rats with a history of morphine treatment than they did in saline-pretreated rats, regardless of neonatal experience. However, the latter factor contributed to the magnitude of the differences between rats with a history of morphine or saline treatment. For example, 1.0 mg/kg of morphine resulted in 125% higher activity counts (t ϭ 6.36; df ϭ 1;14, p Ͻ .0001) by MS animals with a history of morphine treatment than it did by MS animals with a history of saline treatment ( Figure 6, panel a) . In contrast, NH animals with a history of morphine exposure had only a 50% increase in locomotion over saline-history NH animals (t ϭ 2.78; df ϭ 1;11, p Ͻ .05) (Figure 6, panel c) , whereas the same measure approached but did not reach statistical significance (t ϭ 1.89, df ϭ 1;14, p ϭ .08) for H animals ( Figure   Figure 3 . Horizontal activity counts of maternally-separated (MS), handled (H), and non-handled (NH) animals exposed to either saline (open symbols) or 10 mg/kg of morphine regimens (filled symbols) on two days of baseline activity (B1, B2) and during the induction phase of sensitization. Numbers represent mean (Ϯ SEM) total counts (panels a-c) or in 15-min intervals on days 1 and 10 (panels d-g). * p Ͻ .05 compared with the corresponding saline group; # p Ͻ .05 compared with the performance on injection day 1 (n ϭ 5-8/group). 6, panel b). MS, H and NH animals were similar in their response to the intermediate and high dose of morphine ( Figure 6 , panels a-c). For all three groups, 3.0 mg/kg of morphine resulted in significant (65-150%) increases of locomotor activity by animals with a history of morphine exposure over saline-history animals ( Figure 6 , panels a-c) and 10 mg/kg of morphine resulted in locomotor activity that was similar in morphine-history and saline-history animals ( Figure 6 , panels a-c).
Among the groups with a history of morphine treatment, MS animals had significantly higher horizontal counts after a saline injection than did H and NH controls (F 2,18 ϭ 13.28; p Ͻ .001) (Figure 6, panel d) . In tests with morphine (1.0-10 mg/kg), there were significant main effects of treatment history (morphine vs. saline) (F 1,78 ϭ 56.21, p Ͻ .0001), challenge dose (F 2,78 ϭ 85.34, p Ͻ .0001), and neonatal experience (F 2,78 ϭ 5.67; p Ͻ .01). Only 1.0 mg/kg resulted in differences within groups that had the same treatment history: the horizontal activity H animals was higher than that of the others among groups with a history of saline treatment (F 2,21 ϭ 7.91; p Ͻ .01) (Figure 6 , panel e).
Vertical Counts. In the expression phase, MS and NH animals with a history of morphine treatment had significantly (240%) more vertical counts after an injection of saline than did their counterparts with a history of saline treatment (t Ͼ 2.68; df ϭ 1;11-14, p Ͻ .05) ( Figure  7 , panels a, c). In fact, the vertical activity of the former group was higher than that of any other group after the injection of saline (F 2,18 ϭ 11.94; p Ͻ .001) (Figure 7 , panel d). In contrast, the vertical activity of NH animals with a history of saline treatment was the lowest of any Figure 4 . Vertical activity counts of maternally-separated (MS), handled (H), and non-handled (NH) animals exposed to either saline (open symbols) or 10 mg/kg of morphine regimens (filled symbols) on two days of baseline activity (B1, B2) and during the induction phase of tolerance. Numbers represent mean (Ϯ SEM) total counts (panels a-c) or in 15-min intervals on days 1 and 10 (panels d-g). * p Ͻ .05 compared with the corresponding saline group; # p Ͻ .05 compared with the performance on injection day 1 (n ϭ 5-8/group). group after a saline injection (F 2,21 ϭ 4.45; p Ͻ .05) (Figure 7 , panel e). The two lower doses of morphine tended to increase the vertical activity of rats with a history of morphine treatment more than they increased the activity of rats with a history of saline treatment, effects that were statistically significant at 1.0 mg/kg in the MS animals (t ϭ 3.45; df ϭ 1;14, p Ͻ .01) (Figure 7 , panel a) and at 3.0 mg/kg in the NH animals (t ϭ 2.76, df ϭ 1;11, p Ͻ .05) (Figure 7 , panel c). In tests with morphine (1.0-10 mg/kg), there were significant main effects of treatment history (F 1,76 ϭ 11.59, p Ͻ .001) and challenge dose (F 2,76 ϭ 62.02, p Ͻ .0001), but not of neonatal experience.
Center Time. In the expression phase, drug history did not influence center time either after saline or after morphine (1.0-10 mg/kg) administration (Figure 8 , panels a-c). However, there was an interaction between drug history and neonatal experience: MS and H animals with the history of morphine treatment spent more time in the center compared with NH controls (F 2,36 ϭ 5.78; p Ͻ .01; Figure 8 , panel d), whereas animals with a history of saline treatment did not ( Figure  8 , panel e).
DISCUSSION
Repeated maternal separation of Long-Evans male rats during the neonatal period had a powerful and longlasting impact on the animals' motor responses to a novel environment, conditioned locomotor activity, and on induction and expression of morphine-induced sensitization or tolerance to effects of that drug on locomotor ac- Figure 5 . Time (sec) spent in the center of locomotor boxes by maternally-separated (MS), handled (H), and non-handled (NH) animals exposed to either saline (open symbols) or 10 mg/kg of morphine regimens (filled symbols) on two days of baseline activity (B1, B2) and during the induction phase of sensitization. Numbers represent mean (Ϯ SEM) total counts (panels a-c) or in 15-min intervals on days 1 and 10 (panels d-g). * p Ͻ .05 compared with the corresponding saline group; # p Ͻ .05 compared with the performance on injection day 1 (n ϭ 5-8/group). tivity. Rats that experienced daily separations from the mother during the neonatal period (MS and H), when tested as adults exhibited elevated locomotor activity in a novel environment. The MS animals exhibited the most robust increases in activity compared with NH controls, both in horizontal (up to 50%) and vertical (up to 75%) activity counts. The increase in activity by the H group was more modest (up to 30%) and occurred only in horizontal counts. Elevated horizontal activity in animals with maternal separation or handling experience over non-handled controls also has been reported for Wistar rats (Pryce et al. 2001) .
On the first day of testing, whereas MS animals explored the arena primarily near walls, H animals spent significantly more time exploring the center of the test chamber compared with MS and NH animals. The decreased tendency of H animals to stay near the walls may be related to a reduction in emotional reactivity as a result of neonatal handling (Denenberg 1964; Levine et al. 1967; Caldji et al. 2000) . With daily injections of saline (saline group), the difference in horizontal and vertical activity and time in the center among MS, H and NH animals gradually disappeared. On day 10 of testing MS and H animals had even somewhat lower horizontal counts compared with NH controls.
Similar to the effects of maternal separation on locomotor responsiveness to novelty, prenatal stress or prolonged social isolation in the rat is associated with enduring locomotor hyperactivity (Sahakian et al. 1975; Garzon and Del Rio 1981; Ehlers et al. 1989; Henry et al. 1994 ). This effect is likely due to hyperactivity of the mesolimbic dopaminergic system (Geyer et al. 1993) or altered dopamine sensitivity in the nucleus accumbens (Henry et al. 1995) . Forebrain dopamine depletion attenuates locomotor activity in a novel environment and blocks novelty-induced place preference (Pierce et al. 1990; Robbins and Everitt 1995) . Therefore, locomotor hyperactivity of MS animals in a novel environment might be indicative of a hyperactive mesolimbic dopamine system. In support of this possibility, 10-day-old pups that experienced repeated 1-h separation from the mother on PND 2-9 had increased dopamine turnover in several target areas of the mesolimbic system, such as septum and hypothalamus; moreover, amphetamineinduced dopamine release in the nucleus accumbens was potentiated (Kehoe et al. 1998b) . Some of these changes in sensitivity to amphetamine and in dopamine system activity as a result of maternal separation could be long lasting and possibly permanent (Pryce et al. 2001 ). There is growing evidence that in the rat locomotor reactivity to a novel environment positively correlates with novelty-induced corticosterone release (Piazza and Le Moal 1991) , sensitivity to locomotor stimulant effects of amphetamine (Piazza et al. 1989) , and amphetamineinduced sensitization (Hooks et al. 1991) . Furthermore, rats that exhibit high levels of locomotion in a novel environment (high responders) are more likely to acquire amphetamine self-administration, and to administer higher quantities of the drug and are more sensitive to rewarding effects of amphetamine compared with animals with low levels of locomotion in a novel environment (low responders; Pierre and Vezina 1997; Klebaur and Bardo 1999) . Some of the phenotypic differences between MS and NH animals resemble those between high and low responders. In particular, MS animals, similar to high responders, exhibit elevated locomotor responses to novel environment and secrete higher levels of corticosterone in response to either novelty or mild handling compared with H and NH animals (Biagini et al. 1998; Kalinichev et al. 2002) . Based on related findings (Kehoe et al. 1998a; Matthews et al. 1999 , Huot et al. 2001 it can be predicted that maternally-separated animals will be more likely to self-administer amphetamine than will non-separated controls. An association among locomotor reactivity to novelty, stress-induced HPA activation, and sensitivity to psychomotor stimulant/opioid drugs also is suggested by the results of studies that involve other types of environmental manipulation, such as prolonged social isolation and prenatal stress (Deminiere et al. 1992; Bowling and Bardo 1994; Henry et al. 1994; Henry et al. 1995; Bardo et al. 1997) .
MS and H males differed from NH controls in both the induction and expression phases of altered locomotor responses to morphine, especially in the induction phase. In this phase, the locomotor activity of MS and H animals, suppressed initially by 10 mg/kg of morphine, rapidly reached levels of the corresponding salinetreated groups, indicative of tolerance. Horizontal activity continued to increase relative to corresponding saline-treated animals, indicative of behavioral sensitization. Induction of tolerance in MS and H animals by repeated morphine injections was even more pronounced for vertical activity (i.e., rearing behavior). In sharp contrast to MS and H animals, NH controls failed to exhibit either behavioral sensitization (horizontal activity) or tolerance (vertical activity) during the first 10 days of testing.
The difference between the animals that experienced periodic separations from the dam (MS and H groups) or were undisturbed as neonates (NH group) was evident also in responsiveness to daily injections of saline. In particular, the regimen of saline injections increased vertical and horizontal (as a trend) counts in NH, but not in MS and H animals. Time course analysis revealed that by day 10 activity immediately after the saline injection was considerably higher in NH animals compared with the MS and H groups. Exposure to daily morphine appeared to block the development of this hyperactivity. Perhaps, some form of sensitization as the results of daily injections does occur in NH animals (Wilcox et al. 1986 ). There is some evidence that experience of being completely undisturbed during the first few weeks of life (as in the NH group) yields a phenotype that differs markedly from that of animals that received typical animal husbandry (Pryce et al. 2001) . Perhaps, the post-saline-injection increase in activity of NH animals is associated with altered reactivity to stress, as indicated by some authors Pryce et al. 2001) . However, the potentiation of activity was brief and did not influence the activity in the center of the locomotor arena. In the expression phase, MS rats was the only group in which animals with the history of morphine treatment had increases in horizontal and vertical activity after an injection of saline. Those increases in locomotor activity of MS animals were remarkably robust (240 -260%) despite the fact that some of the morphine injections were given in the home cage, a design that usually minimizes conditioning. Moreover, both horizontal and vertical activities increased after saline administration even though previous daily injections of morphine had increased only horizontal activity. In contrast to the activity level of MS animals after a saline injection, the activity of H animals did not increase and only the vertical activity of NH animals was higher than that of the corresponding group treated previously with saline. The elevated activity of MS animals after a saline injection probably is unrelated to the neuroadaptations that occur during the development of sensitization or tolerance. H animals had a more rapid onset of sensitization (horizontal counts) than did MS animals and had a similar rate of tolerance development (vertical counts) but exhibited no increases in activity after a saline injection on day 15.
The elevated activity of MS animals after a saline injection could be related to the exaggerated reactivity to stress exhibited by these animals (Plotsky and Meaney 1993; Huot et al. 2001; Kalinichev et al. 2002) . According to Wilcox et al. (1986) , stress of repeated injections by it- self can result in an enduring enhancement of amphetamine-stimulated striatal dopamine release. Even though there was no enhancement of activity in MS animals following daily saline treatment, perhaps stress of daily injections in addition to the daily morphine regimen resulted in the greater sensitization of this group. In accord with this hypothesis restraint stress potentiated morphine-induced antinociception in Long-Evans male rats that experience maternal separation as neonates (Easterling et al. 1999) . Such potentiation was absent in H and NH males, supporting previous findings from our laboratory (Woolfolk and Holtzman 1995) .
There are alternative possibilities to explain an increase in context-specific motor activity on a non-drug test day in MS animals. Increases in horizontal and vertical activity after an injection of saline can be attributed to associative learning (i.e., Pavlovian conditioning). The phenomenon of increased activity, conditioned to the presentation of specific environmental cues has been described also for the administration of amphetamine and cocaine (Beninger and Hahn 1983; Burechailo and Martin-Iverson 1996; Anagnostaras and Robinson 1996) . Robust conditioning of MS animals compared with other groups may be indicative of powerful and long-lasting alterations in general learning and attention processes as the result of maternal separation. In support to this hypothesis, repeated, 1-h separation from the mother on PND 2-9 led to an increased magnitude and prolonged duration of long-term potentiation (LTP) in juvenile rats, an effect that could be long-lasting (Kehoe et al. 1995; Bronzino et al. 1996) . Furthermore, latent inhibition, a direct measure of learning/attention processes in the rat, was increased in adult offspring that experienced repeated 6-h separation on PND 12-18 in all learning paradigms applied: two-way active avoidance, conditioned emotional response, and conditioned taste aversion (Lehmann et al. 1998 (Lehmann et al. , 2000 .
According to the frustrative non-reward hypothesis (Amsel 1958 (Amsel , 1962 Martin-Iverson and Fawcett 1996) , developed anticipation of a reward-like state as a result of daily drug exposure can change into a frustrative non-reward-like state, causing increased locomotion on a non-drug day. While being prone to elevated fear and anxiety (Wigger and Neumann 1999; Huot et al. 2001; Kalinichev et al. 2002) , MS animals also might develop exaggerated responses to frustrative non-reward. On the other hand, MS animals might be more reactive to the disconfirmation of expected environmental contextdrug association that occurs on a non-drug day and increase exploration (Martin-Iverson and Fawcett 1996) . Exploratory behavior of MS animals on the first day of testing in the novel chambers was the highest of the three groups.
In the expression phase, when animals with and without a history of daily morphine treatment were challenged with a range of morphine doses, additional differences between the MS and NH groups, although less dramatic, emerged at the two lower doses. The apparent conditioning of motor stimulation in MS animals makes it difficult to interpret the increases in sensitivity to morphine (1.0 and 3.0 mg/kg) of the morphine-experienced rats relative to the corresponding saline-experienced groups. That increased sensitivity could represent either sensitization to locomotor stimulant effects of morphine or the combined effect of conditioning and exposure to the drug. However, this is not a problem when it comes to the horizontal activity of morphineexperienced H and NH animals. These groups did not exhibit a conditioned increase in activity after a saline injection but had higher activity than that of the corresponding saline-experienced groups after receiving 1.0 or 3.0 mg/kg morphine. The fact that morphine-induced locomotor sensitization of the MS and NH groups was similar in the expression phases despite the lack of sensitization of the NH group during the induction phase, further supports the hypothesis that these two phases of behavioral sensitization are mediated by distinct mechanisms .
In some of the measures of spontaneous locomotor activity and morphine-induced sensitization and tolerance, H animals resembled MS animals, while in others, they were similar to NH animals. A similar pattern has been observed by other investigators. While being significantly different from NH animals, H and MS animals had similar levels of spontaneous locomotor activity (Pryce et al. 2001 ) and locomotor activity following restraint stress (Kehoe et al. 1998a ). However, amphetamine resulted in a similar level of activity in H and NH animals, which was significantly lower than that activity exhibited by MS animals (Kehoe et al. 1998a; Pryce et al. 2001) .
Behavioral sensitization and tolerance induced by morphine and related opioids are mediated by -and, possibly, ␦-opioid receptors, although the precise mechanisms that account for these phenomena remain obscure. The differences in sensitization/tolerance among the MS, H and NH groups might reflect differences in neuroadaptive changes in opioid receptor numbers and/or coupling with the second messenger systems. Preliminary findings from several laboratories indicate that repeated maternal separation of rat pups results in long-lasting changes in -and -opioid receptor density as well as dynorphin mRNA levels in several areas of the brain (Ploj et al. 1999; Yuferov et al. 2000) . Group differences in the induction of sensitization and tolerance were large whereas group differences in the expression phase were modest. Therefore, it is likely that MS, H and NH groups differ in time courses rather than in actual mechanisms of sensitization and tolerance. On the other hand, the differences among, MS, H and NH animals in behavioral sensitization and tolerance could reflect differences in stress-reactivity in relation to the injections and testing. There is some evidence that repeated exposure to various stressors, such as foot-shock or restraint, augment sensitivity to behavioral activating effects of opioids (Leyton and Stewart 1990; Deroche et al. 1992; Shaham et al. 1995) . However, such interpretation is unlikely because H animals, which are characterized by hyporesponsiveness to stress (Plotsky and Meaney 1993) , exhibited a more rapid onset of behavioral sensitization than did MS animals.
Our findings also suggest that MS, H, and NH animals differ in locomotor sensitivity to acute morphine. In the induction phase, initial injections of 10 mg/kg of morphine significantly reduced the horizontal activity of MS and H animals below levels of their saline-treated counterparts but did not decrease the horizontal activity of NH animals. In the expression phase, 1.0 mg/kg of morphine produced significantly more horizontal activity in H animals with a history of saline treatment than it did in MS and NH animals. Thus, under some circumstances, NH animals were less sensitive to the locomotor-suppressant effect of morphine than were the other groups whereas H animals were more sensitive to the locomotor-stimulant effect of the drug. The results of this study support and expand our previous findings (Kalinichev et al. 2001a,b) that repeated separation of Long-Evans rat pups from the mother results in longlasting changes in sensitivity to effects of morphine, both acute and chronic. Moreover, they are consistent with our hypothesis that these enduring changes in sensitivity to morphine reflect significant alterations in endogenous opioid systems.
